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Methods for Estimating Magnitude and Frequency of 1-, 3-,
7-, 15-, and 30-day flood-duration flows in Arizona

By Jeffrey R. Kennedy, Nicholas V. Paretti, and Andrea G. Veilleux

Abstract

Large floods have historically caused extensive dam-
age in Arizona. Although peak-flow frequency estimates are
required for managing the risk posed by floods, estimates of
the frequency of sustained flood flow (flood-duration flow)
are also useful for planning and assessing the adequacy of
retention and conveyance structures and for water-resource
planning. This report presents a flood-duration flow frequency
analysis for selected durations (1 day, 3 day, 7 day, 15 day,
and 30 day) at 173 streamgaging stations throughout Arizona
and in western New Mexico. For each n-day duration, a log-
Pearson type III distribution was fitted to the annual series
of n-day flood-duration flows using the expected moments
algorithm with a multiple Grubbs-Beck low-outlier test.
Regional skews were developed independently for each n-day
duration using a hybrid weighted least squares/generalized
least squares method. No basin characteristics were found to
adequately explain variation in skew among stations and a
constant statewide skew model was used for all n-day dura-
tions. The regional skewness coefficient is negative for all
n-day durations and becomes increasingly negative for longer
n-day durations. Uncertainty associated with the skewness
coefficient is estimated using a Bayesian generalized least
squares technique.

Regression equations, which allow predictions of n-day
flood-duration flows for selected annual exceedance probabili-
ties at ungaged sites, were developed using generalized least-
squares regression and flood-duration flow frequency esti-
mates at 56 streamgaging stations within a single, relatively
uniform physiographic region in the central part of Arizona,
between the Colorado Plateau and Basin and Range Province,
called the Transition Zone. Drainage area explained most of
the variation in the n-day flood-duration annual exceedance
probabilities, but mean annual precipitation and mean eleva-
tion were also significant variables in the regression models.
Standard error of prediction for the regression equations varies
from 28 to 53 percent and generally decreases with increasing
n-day duration. Outside the Transition Zone there are insuf-
ficient streamgaging stations to develop regression equations,
but flood-duration flow frequency estimates are presented at
select streamgaging stations.

Introduction

Flood-frequency analyses are a common tool for assess-
ing flood-hazard risk. Such analyses typically focus on the
frequency of maximum instantaneous flow (peak flow), and
use statistical methods to predict the annual peak flow for a
specified probability, known as the annual exceedance prob-
ability (AEP). The estimated peak flow of large floods, with
low AEP, are widely used to delineate flood-plain boundaries
and predict potential property damage but also for designing
structures designed to convey runoff at a sufficient rate, such
as bridges, channels, and culverts. However, for detention
and retention type structures, estimates of the frequency of
a volume of flood flow over some duration of time (flood-
duration flow) are also needed. Furthermore, flood-duration
frequency estimates can be used for water-resources planning
and management, particularly on river systems with water-
storage reservoirs.

The log-Pearson type III (LP3) distribution has been
adopted as the standard flood-frequency model throughout the
United States. Methods for fitting the moments (mean, stan-
dard deviation, and skew) of the LP3 distribution are described
in a report published by the Interagency Advisory Committee
on Water Data (IACWD) and widely known as “Bulletin 17B”
(IACWD, 1982). Although Bulletin 17B procedures are typi-
cally used for estimating the AEPs of flood peaks, the same
procedures can also be used for flood-duration flows. Since
publication, several improvements to Bulletin 17B have been
suggested concerning the treatment of low-outlier, historical,
and other censored flood information (Stedinger and Griffis,
2008). The expected moments algorithm (EMA), used with
the multiple Grubbs-Beck (MGB) test, is a revision to the
traditional Bulletin 17B estimation methods that explicitly
addresses censored data (Cohn and others, 1997; Cohn and
others, 2001; England and others, 2003). Of particular note
for Arizona and other semiarid regions with large variability
in annual maximum floods, the MGB test efficiently accounts
for multiple potentially influential low-flows, which may
otherwise have undue influence on the estimated magnitude
of large, low-probability floods. An evaluation of the implica-
tions for replacing Bulletin 17B methods with EMA/MGB
methods for Arizona streamgaging stations (Paretti and others,
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2014a) found that although predicted peak flows using EMA/
MGB were neither consistently larger nor smaller than Bul-
letin 17B predictions, goodness-of-fit criteria indicated EMA/
MGB provided a better representation of the peak-flow data.
Therefore, EMA/MBG methods are used to implement the
flood-duration flow analysis in this report.

StreamStats is a national U.S. Geological Survey (USGS)
map-based Web application that provides easy access to
published flood-frequency and basin-characteristic statistics
for user-selected watersheds. This interactive Web application
allows the user to select a point on a stream channel (gaged
or ungaged), delineate a watershed boundary, and retrieve
flood-frequency estimates derived from the current regional
regression equations and geographic information system
(GIS) data within the basin selected. StreamStats provides
consistent statistics, minimizes user error, and reduces the
need for large datasets and costly standalone GIS software.
Peak-flow frequency estimates (Paretti and others, 2014b) and
n-day flood-duration flow frequency estimates (this report) are
available online in the StreamStats Web application at http://
streamstatsags.cr.usgs.gov/az_ss.

Physical Setting

Streamgaging stations used in the flood-duration flow
frequency analysis are located throughout Arizona but are
primarily concentrated in a region in the central part of the
State, between the Basin and Range Province to the southwest
and the Colorado Plateau to the northeast, called the Transition
Zone (fig. 1). The Transition Zone region is characterized by
high relief with small, relatively shallow aquifers. Land-sur-
face elevations in this region range from about 2,000 feet near
the confluence of the Salt and Verde Rivers to about 11,400
feet at the headwaters of the Salt River in eastern Arizona
(fig. 24). Most major Arizona streams and rivers, with the
exception of the Colorado River, have their headwaters in this
region, including the Gila, Salt, Verde, and Hassayampa Riv-
ers. Smaller drainages in this region are mostly intermittent or
ephemeral. Precipitation and air temperature are highly vari-
able throughout the Transition Zone and are correlated with
land-surface elevation; higher elevations experience lower
average temperatures and greater precipitation amounts that
do lower elevations. Average annual precipitation in the region
ranges from 39 inches per year near the headwaters of the Salt
River in the White Mountains to less than 10 inches per year
in the lower deserts (fig. 2B).

Both the Basin and Range Province to the southwest of
the Transition Zone and the Colorado Plateau to the northeast
have very little perennial surface water, and streamflow, even
in large drainages, often occurs only in response to discrete
precipitation events. Notable exceptions are certain reaches of
the Santa Cruz and San Pedro Rivers in the Basin and Range
and the upper reaches of the Little Colorado River and its
tributaries on the Colorado Plateau. Land-surface elevations
in the Basin and Range vary from 100 feet along the Lower

Colorado River, to a few thousand feet on basin floors, to
more than 10,000 feet in some mountain ranges (fig. 24). Less
rainfall and higher temperatures are characteristic of the Basin
and Range lowlands as compared to the Transition Zone.
Mean annual precipitation in this region ranges from less

than 4 inches per year in southwest Arizona to greater than 30
inches per year at high elevations toward the southeast corner
of the State (fig. 2B). The Colorado Plateau covers roughly
45,000 square miles in northeast Arizona and is characterized
by low relief punctuated by numerous canyon drainages, the
most notable being the Grand Canyon of the Colorado River.
The average elevation on the plateau is about 5,000 feet and
average rainfall is about 10 inches per year (fig. 2 4 and B). At
higher altitudes on the plateau, annual peak flows can be influ-
enced by snowmelt, but no streamgaging stations where flows
are dominated by snowmelt are included in this flood-duration
flow analysis. Streams are generally spring fed and, as with
the Basin and Range, typically have high transmission losses,
and streamflow quickly infiltrates downstream.

Purpose and Scope

The primary purposes of this report are to (1) present
an application of newly developed flood-frequency meth-
ods, namely the expected moments algorithm and multiple
Grubbs-Beck low-outlier test, and a hybrid Bayesian weighted
least-squares/generalized least-squares method for estimating
regional skewness coefficients and uncertainty; (2) present
estimates of the annual maximum 1-, 3-, 7-, 15-, and 30-day
flood-duration flows for the 50-, 20-, 10-, 4-, 2-, 1-, 0.5-, and
0.2-percent annual exceedance probabilities at 173 streamgag-
ing stations in Arizona with 10 or more years of record; and
(3) present regional regression equations for estimating the
annual maximum 1-, 3-, 7-, 15-, and 30-day flood-duration
flows for the 50-, 20-, 10-, 4-, 2-, 1-, 0.5-, and 0.2-percent
annual exceedance probabilities at ungaged basins in the cen-
tral part of the State.

Data Development

Flood-duration flow can be defined as the average mean
daily flow over a specified duration, often referred to as the
annual maximum n-day flood flow. Durations considered in
this report are the 1-, 3-, 7-, 15-, and 30-day flood-duration
flows. The 1-day flood-duration flow is simply the highest
annual mean daily flow and most often occurs during the
same event and on the same day as the annual instantaneous
peak flow. The longer n-day intervals are determined as the
period of n consecutive days with the highest average flow in
a given water year. As the duration interval length increases,
the probability that it encompasses the annual instantaneous
peak flow decreases (fig. 3). At some stations, there may not
be 15 or 30 days of continuous flow during the year, and high
flows for these durations can include a period of zero flow.
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Figure 1. Map of Arizona showing major physiographic regions.
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Flood-duration flows are reported in dimensions of volume
per time and units of cubic feet per second; to convert to total
volume the flow rate is simply multiplied by the length of the
duration interval considered.

Site Selection

Determination of n-day flood-duration flow requires con-
tinuous records of mean daily flow. Some gages operated by
the USGS in Arizona are crest-stage gages, which record only
the maximum stage between site visits; therefore, there are
fewer gages available for flood-volume analysis than for flood-
peak analysis. Annual maximum flood-duration flow data for
1-, 3-, 7-, 15-, and 30-day duration intervals were retrieved
using SWSTAT software from the USGS National Water
Information System for an initial dataset of 198 streamgag-
ing stations with record lengths 10 years or longer. Stations
are located primarily in central and southeastern Arizona,
with significant gaps in northeast, northwest, and southwest
Arizona (fig. 4). Stations with n-day flood-duration flows
that were poorly represented by the LP3 distribution were
excluded, as were stations significantly affected by impound-
ments, diversions, or urbanization. Therefore, no flood-
duration flow frequency estimates are given for the Colorado
River, Verde River below Horseshoe Dam, Salt River below
Roosevelt Dam, and Gila River below Coolidge Dam. After
removing unsuitable stations, 173 remaining stations were
used in the analysis (table 1), of three types:

e Stations with greater than 20 years of record, well
approximated by the LP3 distribution, used to determine
the regional skewness coefficient of the LP3 distribution.

Redundant stations (stations that are near another sta-
tion with similar basin characteristics) were removed as
described below in the section Regional Skew Analysis
and Cross-Correlation Models.

e Stations with between 10 and 20 years of record, located
in the Transition Zone, and well approximated by the
LP3 distribution. These stations, combined with stations
used in the regional skew analysis that are in the Transi-
tion Zone, were used to generate the regional regression
equations.

e Stations with more than 10 years of record not used in the
regional skew or regional regression analyses.

The Mann-Kendall trend test was used to test for trends
in n-day flood-duration flows at stations with 30 or more years
of record (Helsel and Hirsch, 2002). The null hypothesis (#,
no trend in streamflow) was rejected at the S-percent signifi-
cance level at four streamgaging stations (table 2). At three
stations, /1, was rejected for all durations; at the fourth station,
H, was rejected only for the 1-, 3-, and 7-day flood-duration
flows. The trend in flood-duration flow was downward at all of
these stations, and no stations had increasing trends in flood-
duration flow. Despite the apparent trend at these stations,
flood-duration flow frequency results are presented, and three
of the four were used in the regional skew analysis because
they have long records and represent watersheds in geographic
and (or) physiographic regions where there are no alterna-
tive stations. None of the stations where /1, was rejected were
used in the regional regression equations. Possible reasons
for downward trends at these stations include changes in
watershed characteristics, such as vegetation and channel
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Figure 3. Graph of example data used to calculate 1-day, 3-day, and 7-day flood-duration flows and their

relation to annual maximum peak flow.



morphology, human activities, and decreasing seasonal rainfall
(Thomas and Pool, 2006; Kennedy and Gungle, 2010).

Basin Characteristics

As part of the larger Arizona StreamStats project (Ries
and others, 2008; Paretti and others, 2014b), watershed bound-
aries for each streamgaging station were calculated using the
Watershed Boundary Dataset, the 1:24,000 National Hydrog-
raphy Dataset, and the 1/3 arc-second (10-meter) National Ele-
vation Dataset. Within each watershed boundary, several char-
acteristics were computed using the best available data (table
3). Elevation is calculated as the mean elevation throughout
the watershed area. Precipitation metrics were identified using
parameter-elevation regressions on independent slopes model
(PRISM) monthly data (PRISM Climate Group, 2012). Two
soil characteristics, permeability and available water capac-
ity, were identified using the State Soil Geographic Database
(STATSGO; Natural Resources Conservation Service, 2013).
Full details of the basin characteristic identification process are
in Paretti and others (2014b).

Flood-Volume Frequency Analysis

Several approaches to n-day flood-duration flow analysis
have been presented in the hydrologic literature. The follow-
ing discussion considers statistical approaches. Alternatively,
rainfall-runoff models can be constructed to predict flood flow
and duration as a function of the probability of a given rainfall
event (for example, Bohman, 1990; Sherwood, 1994), but
these are more suitable for small watersheds and do not fully
use the historical runoff data collected by the USGS.

Statistical approaches to flood-duration flow frequency
analysis, in which measured runoff volumes are used directly
to estimate the probability of a given duration of flood flow,
generally fall into one of three categories. First, individual
distributions, such as the log-Pearson type III (LP3) distri-
bution commonly used in analyzing instantaneous peaks
(IACWD, 1982), can be fitted to the n-day flood-duration
flows. The USGS Manual of Hydrology, discussing graphical
methods of fitting curves to data on a probability plot states
simply: “the frequency of flood volume can be determined by
the same method as the frequency of flood peaks” (Dalrymple,
1960). The Bulletin 17B manual also recognizes “the same
techniques could also be used to treat . . . flood volumes” but
states such applications were not evaluated (IACWD, 1982).
Devulapalli and Valdes (1996) used the LP3 distribution suc-
cessfully to model 2-, 3-, 4-, 5-, 6-, 7-, 8-, 9-, and 10-day vol-
umes for rural watersheds in Texas. Sherwood (1994) modeled
small urban watershed flood volumes with the LP3 distribu-
tion, but flood intervals were much shorter (1 to 32 hours)
than those considered in the present study. Two approaches to
distribution-fitting can be taken—either (1) unique distribu-
tion moments can be defined for each n-day interval or (2)
an average distribution can be fitted to all of the data and a
scaling parameter identified that controls the spacing between

Data Development 7

the different n-day intervals on a quantile-probability plot
(Javelle and others, 2003; Cunderlik and Ouarda, 2006). The
latter approach was investigated for streamgaging stations in
Arizona, but large variation existed in the quantile-probability
plots among different n-day durations, and it was found to be
unsuitable.

A second approach to high-flow frequency analysis
is the joint probability distribution approach, which treats
flood peak, volume, and duration as random variables to be
predicted concurrently (Yue and Rasmussen, 2002; Mediero
and others, 2010). This method recognizes that flood peaks
and volume are not independent; rather, for a flood peak with
a given probability there may be a range of flood volumes
that occur with varying probability. Finally, a third approach
develops regression equations that relate flood volume to flood
peak flow (Eychaner, 1976; Perry, 1984; Singh and Hossein,
1986). The instantaneous flood peak at a given probability is
estimated by fitting a statistical distribution, and the corre-
sponding flood volume at the same probability is determined
from the regression. In effect, this approach is the opposite
of the joint probability approach; it assumes a unique relation
between a flood peak of a given probability and a correspond-
ing flood volume. Both the joint probability and the peak-
volume regression approaches require datasets that contain
both the flood peak and corresponding flood volume for each
year. Although the annual instantaneous flood peak often
corresponds to the same event as the 1-day and 3-day flood
volumes, at longer intervals this is often not the case (Balocki
and Burges, 1994). Determining correspondence between
flood peaks and volumes at these longer intervals is a signifi-
cant task; therefore, the fitted-distribution approach is taken in
the present study.

The LP3 distribution is defined by the first, second,
and third moments (the mean, standard deviation, and skew,
denoted by u, g, and y, respectively). On a log-probability plot
of annual flood peaks (fig. 5), the distribution can be repre-
sented as either a straight line (skew = 0) or one that curves.
The distribution mean determines the position of the line along
the y-axis and the standard deviation determines the slope of
the line. The basic equation for determining flood frequency
from the three moments is:

log0 =X+KS, (1)

where

Q, is the annual-peak flow (in this case, n-day flood-
duration flow) for the exceedance probability, P,

X is the mean of the logarithms of the annual-peak
flow,

K is a factor based on the weighted skew coefficient
and the exceedance probability, P, which can
be obtained from appendix 3 of Bulletin 17B
(IACWD, 1982), and

S is the standard deviation of the logarithms of the
annual-peak flow, which is a measure of the
degree of variation in the annual values about the
mean value.
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EXPLANATION

A Streamgaging stations with flood-duration flow frequency statistics

———— Eight-digit Hydrologic Unit Code (HUC) boundaries

Figure 4. Map of streamgaging stations in Arizona and western New Mexico used in the flood-duration flow frequency analysis.
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Table 2. Streamgaging stations in Arizona and western New Mexico with significant trends in 1-, 3-, 7-, 15-, and 30-day flood-duration

flows.

[AZ, Arizona; NM, New Mexico; Y, yes; N, no]

Flood duration Used in
Map ID  Station ID Station name skew
1day 3day 7day 15day 30day analysis?
09382000 Paria River at Lees Ferry, AZ X X X X X Y
09386950 Zuni River above Black Rock Reservoir, NM X X X X X N
63 09471000 San Pedro River at Charleston, AZ X X X X X Y
173 09537500 Whitewater Draw near Douglas, AZ X X X Y
Table 3. Basin characteristics and data sources considered in the regionalization analysis of flood-duration flow for streamgaging

stations in Arizona.

[STATSGO, State Soil Geographic; PRISM, parameter-elevation regressions on independent slopes model; DEM, digital elevation model elevation]

Basin characteristic ID

Basin characteristic description

Data source

DRNAREA Drainage area/contributing area of the watershed Calculated from 10-meter DEM
ELEV Mean basin elevation 10-meter DEM

PRECIP Mean annual precipitation PRISM

AUGAVPRE Mean August precipitation PRISM

124H100Y 100-year, 24-hour rainfall intensity PRISM

SOILPERM Soil permeability STATSGO

WATCAP Soil water capacity STATSGO

Methods for fitting LP3 moments are described in
Bulletin 17B (IACWD, 1982). Research has shown that
the computed quantile confidence intervals using Bulletin
17B methods fail to represent the correct uncertainty in the
skewness coefficient and that the recommended statistical
procedures for computing a regional skewness coefficient are
not adequate for estimating the accuracy and precision of the
skewness coefficient error (Cohn and others, 2001; Reis and
others, 2005). EMA, used with the MGB test, is a revision to
the traditional Bulletin 17B estimation methods that explicitly
accounts for that method’s shortcomings (Cohn and others,
1997; Cohn and others, 2001; England and others, 2003).

As with Bulletin 17B, EMA assumes that the LP3 distribu-
tion represents the probability distribution function of annual
maximum peak flows, except when historical, low-outlier, or
censored information exists (Cohn and others, 1997; Griffis
and others, 2004). EMA permits the efficient use of interval
and threshold data, which most accurately represents histori-
cal information, low outliers, and censored flood data (Cohn
and others, 1997). Although historical flood records, from
first-hand accounts such as newspaper articles or geomorphic
evidence such as slackwater deposits, are useful evidence of
large floods prior to the systematic record at a particular gage,
they provide no information about flood volume. Therefore,
the primary benefit of EMA/MBG is to accurately identify and
incorporate potentially influential low flows.

Visual inspection of the quantile-probability plots shows
that at many streamgaging stations in Arizona, a distinct
“dogleg,” or shift, exists between a few small events and the
remaining data (fig. 54). These small events in the left-hand

tail of the distribution, termed potentially influential low flows,
can have significant influence on the fit of the distribution to
the right-hand tail (that is, the largest flood events with lower
AEPs). Therefore, a statistical test is useful to determine if
these observations are unusually small compared to the rest of
the population. Bulletin 17B allows for the identification and
removal (by truncation) of potentially influential low flows
using the Grubbs-Beck (GB) test (Grubbs and Beck, 1972),
but as implemented in the USGS software PeakFQ version 5.2
(Flynn and others, 2006), typically only a single potentially
influential low flow is identified. For the streamgaging stations
in this analysis, visual inspection of quantile-probability plots
suggest that often several low-flow data points depart from
the trend of the data and multiple potentially influential low
flows should be considered for censoring. The MGB test, a
generalization of the GB test, was developed to address this
situation (Gotvald and others, 2012). The MGB test differs
from an iterative GB test in that it tests a group of poten-
tially influential low flows against the remaining population
simultaneously, rather than removing low flows one at a time.
Furthermore, in an EMA analysis, these potentially influential
low flows are not completely removed from the analysis as in
the B17B-GB procedure but instead are recoded as censored
data with reduced influence for determining the LP3 moments.
For this report, the annual series of n-day flood-duration
flows are assumed independent for each duration, and the
MGB test is applied individually to each duration at each
station. Nearly half of the streamgaging stations used in the
analysis have one or more potentially influential low flows
identified using the MGB test (table 4). At some stations, the
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Station 09397000 —Little Colorado River at Holbrook, AZ
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Station 09512280—Cave Creek below Cottonwood Creek near Cave Creek, AZ
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Figure 5. Example quantile-probablility plots of LP3 distributions fit to different flood-duration flow data from streamgaging stations in
Arizona. A, station 09397000, where different numbers of potentially influential low flows and skewness coefficients were identified for
each duration; B, station 09512280, where no potentially influential low flows were identified and skewness coefficients are similar for
all durations. PILF, potentially influential low flow.



number of potentially influential low flows identified is similar
for all durations, and these stations tend to have similar skew-
ness coefficients and goodness-of-fit for all durations (fig.

5B). At other stations the number of potentially influential low
flows varies differs for the different durations, and the result-
ing LP3 moments can vary significantly (fig. 54). However,
for each duration, the most statistically probable number of
potentially influential low flows are identified and treated as
censored data, and therefore each duration was not forced to
have the same number of potentially influential low flows.

Regional Skew Analysis and Cross-Correlation
Models

The third moment of the LP3 distribution, skew, deter-
mines the curvature of the fitted distribution on quantile-
probability plots. Negative skewness coefficients result in a
concave-down profile and relatively low estimates of low-
AEP events; positive skews result in a concave-up profile and
estimates of low-AEP events are relatively high. To decrease
variability from station to station, most studies using the LP3
distribution combine the at-site skewness coefficient estimate,
determined from data at a single streamgaging station, with a
regional skewness coefficient estimate. For peak-flow studies,
a map of regional skew is presented in Bulletin 17B. As an
alternative, many recent USGS studies have used a Bayesian
generalized least squares (B-GLS) method to relate regional
skew to basin characteristics (Reis and others, 2005; Weaver
and others, 2009; Parrett and others, 2011). B-GLS regression
considers the precision of the regional skew model, differ-
ences in record length between stations, and cross correla-
tion of skewness coefficients between stations. The Bayesian
aspect of the B-GLS regression provides an estimate of the
precision of the estimated model error variance, a pseudo
analysis of variance, and enhanced diagnostic statistics (Griffis
and Stedinger, 2007).

An important part of B-GLS regression is estimating
the cross-correlation of skew between gages, which can be
estimated from the cross-correlation of the annual time series
between gages (Martins and Stedinger, 2002; Lamontagne and
others, 2012):

p(y.y, )=Sign(p,)cf lp, I, )

where p,, is the cross-correlation of concurrent annual n-day
flood-duration flows for two streamgaging stations, Sign(pif)
denotes the sign (positive or negative) of the cross-correlation,
Kk is a constant between 2.8 and 3.3, and cjj/. is a factor that
accounts for the sample size difference between stations and
their concurrent-record length, defined as:

cf=n /N, +n)(n, + n), )
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where 7, is the length of the period of concurrent record,
and », and n; are the number of nonconcurrent observations
corresponding to sites i and j, respectively.

As part of the B-GLS skew analysis for peak flows
(Paretti and others, 2014b), streamgaging stations suitable
for skew analysis were identified as those with record lengths
greater than 20 years and adequate LP3 flood-frequency fits.
Not all of these stations represent unique watershed character-
istics; stations may be identified as redundant if one is nested
entirely within another and the streamflow data are highly
correlated. The drainage-area ratio of a nested station and the
nearest downstream station was used to screen for redundancy;
in general, a ratio less than or equal to 5 was used to identify
redundant station pairs. When redundant pairs were identified,
the station with a longer period of record was retained unless
the other station was determined to be better represented by
the LP3 distribution using goodness-of-fit criteria (Paretti and
others, 2014b). Seventy-nine nonredundant stations were iden-
tified for the flood-duration flow skew analysis (table 1, fig. 6).
Redundant stations not used in the skew analysis are identified
in table 1.

Although the cross-correlation of the concurrent annual
flood-duration flows between two sites, p,, has high variabil-
ity, there is a downward trend with increasing distance (fig.

7). Various models relating cross-correlation to various basin
characteristics were considered. A logit model using the Fisher
z-transform (Z = log[(1+r)/(1-r)] ) provided a convenient
transformation of the sample correlations r, from the (—1, +1)
range to the (—oo,+) range. The adopted model for estimating
the cross—correlations of concurrent annual peak flow at two
stations, which used the distance between basin centroids, D,.j,
as the only explanatory variable, is

Z=btexp (bjtb,xD)), 4)

which is the same form as the cross-correlation model used in
the peak-flow analysis (Paretti and others, 2014b). The coef-
ficients b,, b,, and b, vary for each n-day duration (table 5).

The cross-correlation models for n-day flood-duration
flows show increasing correlation between gages with longer
durations of flood flow, and all durations show greater cross-
correlation than the time series of annual peak flows (fig. 8).
The greater cross-correlation for longer duration flood events
can be explained by Arizona’s hydroclimatology. The largest
flood peaks in watersheds throughout the State are generally
caused by summer convective thunderstorms, which are rela-
tively small in spatial extent and of short duration (Sheppard
and others, 2002), affecting only one or a few streamgaging
stations. In contrast, long-duration, high-volume flood events
are often frontal or tropical storms (Sheppard and others,
2002) that cause widespread runoff across many streamgaging
stations.

Pseudo-R* was used as a diagnostic statistic for the cross-
correlation models. Pseudo-R? is a measure of the percent of
the variability in the dependent variable (n-day flood-duration
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Table 4. Number of potentially influential low flows and at-site skewness coefficients for streamgaging stations in Arizona and

western New Mexico used in the flood-duration flow frequency analysis.

Number of censored potentially influential low

Sample log-space skewness coefficient for indicated flood-

'V:SP Station ID flows for indicated flood-duration flow duration flow

1 day 3day 7day 15day 30day 1 day 3day 1day 15 day 30 day

1 09379200 0 0 0 0 0 0.063 0.116 0.049 -0.122 -0.044
2 09382000 0 0 0 0 0 0.073 0.130 0.150 0.150 0.134
3 09383400 12 12 0 0 0 -0.132 -0.200 -0.165 -0.153 -0.204
4 09383500 0 0 0 0 0 -0.121 -0.136 -0.102 -0.084 -0.125
5 09384000 6 12 12 0 -0.155 -0.223 -0.195 -0.200 -0.294
6 09386250 3 3 3 3 3 -0.052 -0.145 -0.152 -0.149 -0.094
7 09386950 0 0 0 0 0 -0.228 -0.166 -0.039 0.078 0.147
8 09390500 0 22 24 22 28 -0.039 -0.230 -0.214 -0.250 -0.339
9 09392500 0 0 0 0 -0.042 -0.058 -0.112 -0.130 -0.240
10 09393500 0 0 0 0 -0.075 0.021 0.005 0.018 -0.035
11 09394500 32 32 0 36 40 -0.146 -0.262 -0.198 -0.243 -0.341
12 09395900 2 0 0 5 5 -0.144 -0.236 -0.210 -0.109 -0.131
13 09397000 5 5 4 4 -0.208 -0.269 -0.172 -0.203 -0.346
14 09397500 3 7 18 19 -0.117 -0.267 -0.246 -0.194 -0.296
15 09398000 0 0 15 19 22 0.016 -0.104 -0.180 -0.198 -0.298
16 09398500 10 11 18 21 22 -0.179 -0.262 -0.141 -0.156 -0.314
17 09399000 1 7 16 22 24 -0.069 -0.208 -0.170 -0.200 -0.260
18 09400562 1 1 4 5 3 -0.131 -0.264 -0.118 -0.124 -0.266
19 09400568 1 1 1 1 1 -0.168 -0.160 -0.135 -0.119 -0.228
20 09400583 2 2 2 2 2 -0.078 -0.070 -0.073 -0.087 -0.139
21 09401000 0 0 2 2 2 -0.061 -0.120 0.009 0.081 0.046
22 09401110 4 5 8 5 4 -0.048 -0.123 -0.179 -0.151 -0.165
23 09401260 0 0 0 0 0 -0.139 -0.255 -0.258 -0.247 -0.326
24 09401280 0 0 0 0 0 -0.116 -0.111 -0.125 -0.118 -0.080
25 09401400 0 0 0 0 0 -0.169 -0.184 -0.192 -0.192 -0.284
26 09401500 1 1 1 1 1 -0.095 -0.138 -0.060 0.047 0.114
27 09402000 0 0 0 0 0 -0.054 -0.045 -0.145 -0.211 -0.257
28 09403000 0 0 0 0 0 0.079 -0.023 -0.102 -0.109 -0.112
29 09403780 5 0 6 7 5 -0.029 -0.269 -0.189 -0.191 -0.275
30 09404110 0 0 0 0 0 -0.018 -0.002 -0.015 -0.035 -0.086
31 09404208 7 0 0 0 0 -0.107 -0.074 -0.028 0.028 0.049
32 09404222 0 0 0 0 0 -0.070 -0.090 -0.075 -0.011 -0.008
33 09404343 1 0 0 1 1 -0.159 -0.240 -0.213 -0.163 -0.246
34 09415000 0 0 0 0 0 0.125 0.204 0.171 0.202 0.237
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Table 4. Number of potentially influential low flows and at-site skewness coefficients for streamgaging stations in Arizona and
western New Mexico used in the flood-duration flow frequency analysis.—Continued
Number of censored potentially influential low Sample log-space skewness coefficient for indicated flood-
'V:SP Station ID flows for indicated flood-duration flow duration flow

1 day 3day 7day 15day 30day 1 day 3day 1day 15 day 30 day

35 09424200 0 0 0 0 0 -0.123 -0.223 -0.210 -0.236 -0.342
36 09424447 0 0 0 0 0 -0.095 -0.150 -0.145 -0.130 -0.189
37 09424450 18 18 20 20 20 -0.138 -0.154 -0.141 -0.154 -0.139
38 09424900 20 20 20 20 20 -0.153 -0.233 -0.201 -0.207 -0.320
39 09425500 0 0 0 -0.122 -0.144 -0.101 -0.075 -0.063
40 09426500 0 0 7 -0.151 -0.220 -0.174 -0.201 -0.275
41 09430500 0 0 0 0.064 0.056 -0.024 -0.028 -0.034
42 09431500 31 0 0 -0.169 -0.035 -0.110 -0.078 -0.069
43 09442000 0 0 0 28 29 0.048 -0.013 -0.094 -0.181 -0.310
44 09442680 0 0 0 21 22 0.088 0.026 -0.059 -0.206 -0.111
45 09444000 0 0 41 0 0 0.121 0.131 -0.175 0.082 0.049
46 09444200 0 0 0 0 0 -0.021 -0.017 -0.050 -0.070 -0.098
47 09444500 0 0 0 0 0 0.021 0.043 0.048 0.064 0.042
48 09445500 0 0 0 0 0 0.017 0.060 0.049 0.077 0.098
49 09446000 0 0 0 0 0 -0.005 0.052 0.049 0.086 0.100
50 09446500 0 0 0 0 0 0.024 0.054 0.043 0.088 0.102
51 09447000 0 0 0 0 0 0.085 0.183 0.192 0.270 0.317
52 09447800 0 0 0 0 0 -0.094 -0.027 0.002 0.094 0.144
53 09448500 0 0 0 0 0 0.051 0.066 0.043 0.075 0.069
54 09456000 0 0 0 0 0 -0.132 -0.188 -0.145 -0.120 -0.142
55 09457000 1 0 0 0 0 0.013 -0.123 -0.050 -0.091 -0.099
56 09458200 4 5 6 6 5 -0.059 -0.204 -0.147 -0.052 -0.157
57 09458500 0 0 0 0 0 -0.047 -0.080 -0.129 -0.122 -0.122
58 09460150 3 3 4 11 11 -0.189 -0.279 -0.200 -0.154 -0.189
59 09468500 0 40 40 0 0 0.026 -0.278 -0.236 0.018 0.064
60 09470500 1 1 1 1 1 0.034 0.117 0.017 -0.040 -0.196
61 09470750 0 0 0 0 0 -0.149 -0.226 -0.197 -0.210 -0.313
62 09470800 0 3 3 8 8 -0.144 -0.203 -0.195 -0.123 -0.182
63 09471000 1 1 1 1 1 -0.019 0.034 0.013 -0.016 -0.162
64 09471310 0 0 0 0 0 -0.145 -0.218 -0.181 -0.181 -0.251
65 09471380 1 1 0 0 0 -0.038 -0.095 -0.155 -0.128 -0.070
66 09471400 0 0 0 0 0 -0.084 -0.192 -0.188 -0.200 -0.278
67 09471550 1 1 1 8 8 0.013 -0.030 -0.076 -0.172 -0.250
68 09471800 0 1 1 1 1 -0.122 -0.177 -0.100 -0.121 -0.215
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Table 4. Number of potentially influential low flows and at-site skewness coefficients for streamgaging stations in Arizona and
western New Mexico used in the flood-duration flow frequency analysis.—Continued

Number of censored potentially influential low Sample log-space skewness coefficient for indicated flood-

'V:;P Station ID flows for indicated flood-duration flow duration flow
1 day 3day 7day 15day 30day 1 day 3 day 1day 15 day 30 day
69 09472000 6 5 4 2 2 -0.140 -0.254 -0.242 -0.304 -0.282
70 09472050 1 1 1 1 1 -0.160 -0.207 -0.191 -0.161 -0.323
71 09473000 0 0 0 0 0 0.088 0.147 0.128 0.178 0.222
72 09473500 0 0 0 0 0 -0.038 -0.035 -0.034 -0.033 -0.133
73 09480000 6 6 7 7 0 -0.146 -0.242 -0.178 -0.222 -0.383
74 09480500 0 0 0 0 0 -0.009 0.015 -0.114 -0.183 -0.304
75 09481500 0 0 0 0 0 -0.142 -0.220 -0.164 -0.016 -0.014
76 09481740 0 0 0 0 0 -0.024 -0.055 -0.042 0.001 0.005
77 09482000 0 0 0 0 0 0.036 0.043 0.058 0.070 0.007
78 09482400 0 0 0 0 0 -0.061 -0.084 -0.100 -0.102 -0.173
79 09482500 0 1 0 0 0 -0.140 -0.045 -0.144 -0.138 -0.161
80 09483000 0 0 0 0 0 -0.029 -0.066 -0.092 -0.128 -0.298
81 09483010 0 0 0 0 0 -0.049 -0.067 -0.111 -0.090 -0.034
82 09483100 0 0 0 0 0 -0.055 -0.072 -0.112 -0.057 -0.023
83 09484000 1 1 0 0 0 0.039 -0.020 -0.171 -0.126 -0.226
84 09484200 4 4 4 4 4 -0.109 -0.149 -0.150 -0.028 -0.050
85 09484500 12 8 8 12 7 -0.132 -0.225 -0.187 -0.073 -0.300
86 09484600 2 1 1 1 9 -0.128 -0.160 -0.146 -0.153 -0.312
87 09485000 19 13 15 14 7 -0.138 -0.210 -0.138 -0.179 -0.342
88 09485450 1 0 0 1 1 -0.097 -0.220 -0.199 -0.142 -0.219
89 09485700 2 2 2 2 2 -0.056 -0.076 -0.051 -0.056 -0.103
90 09486055 2 2 2 3 3 -0.092 -0.103 -0.136 -0.149 -0.233
91 09486300 0 0 0 0 0 -0.104 -0.169 -0.161 -0.165 -0.264
92 09486350 0 0 0 0 0 -0.161 -0.181 -0.159 -0.124 -0.208
93 09486500 0 0 0 0 0 -0.057 0.004 -0.026 -0.002 -0.081
94 09486800 0 0 0 0 3 -0.136 -0.222 -0.188 -0.222 0.008
95 09487000 1 1 1 1 1 -0.191 -0.267 -0.273 -0.290 -0.386
96 09488500 0 7 7 7 7 -0.174 -0.174 -0.093 -0.087 -0.079
97 09489000 0 0 0 0 0 0.076 0.109 0.092 0.108 0.062
98 09489070 0 0 0 0 0 -0.147 -0.199 -0.175 -0.176 -0.230
99 09489100 0 0 10 0 0 -0.034 -0.100 -0.169 -0.153 -0.179
100 09489200 10 11 11 11 11 -0.115 -0.208 -0.182 -0.174 -0.227
101 09489500 0 10 11 20 7 -0.204 -0.147 -0.278 -0.208 -0.427
102 09489700 0 0 0 11 11 -0.086 -0.123 -0.159 -0.200 -0.282
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Table 4. Number of potentially influential low flows and at-site skewness coefficients for streamgaging stations in Arizona and

western New Mexico used in the flood-duration flow frequency analysis.—Continued

21

Map

Number of censored potentially influential low

flows for indicated flood-duration flow

Sample log-space skewness coefficient for indicated flood-
duration flow

D Station ID

1 day 3day 7day 15day  30day 1 day 3 day 1 day 15 day 30 day
103 09490500 0 0 0 10 25 -0.118 -0.173 -0.218 -0.261 -0.246
104 09490800 0 0 0 0 0 -0.024 -0.021 -0.028 -0.025 -0.056
105 09492400 1 1 2 11 19 0.105 0.009 -0.173 -0.269 -0.223
106 09494000 0 1 24 26 26 -0.066 -0.133 -0.197 -0.224 -0.318
107 09496000 0 9 13 12 13 -0.099 -0.224 -0.174 -0.182 -0.259
108 09496500 0 19 19 19 20 -0.093 -0.212 -0.126 -0.169 -0.329
109 09496600 0 0 0 0 -0.076 -0.162 -0.111 -0.014 0.005
110 09496700 0 0 0 0 -0.026 -0.069 -0.041 -0.063 -0.023
111 09497500 0 0 0 39 41 0.020 0.048 -0.008 -0.133 -0.164
112 09497800 0 0 0 0 0.004 0.104 0.118 0.213 0.254
113 09497900 0 0 5 5 0 -0.092 -0.174 -0.098 -0.091 -0.195
114 09497980 9 10 11 11 11 -0.138 -0.268 -0.238 -0.196 -0.260
115 09498400 0 0 0 0 0 -0.053 0.012 0.083 0.123 0.143
116 09498500 0 0 0 0 0 -0.001 0.047 0.049 0.057 -0.038
117 09498501 1 0 0 0 0 -0.077 -0.221 -0.182 -0.164 -0.180
118 09498502 0 0 0 0 0 -0.172 -0.224 -0.181 -0.163 -0.156
119 09498503 2 2 2 2 3 -0.117 -0.145 -0.209 -0.249 -0.285
120 09498800 0 0 0 0 0 -0.132 -0.191 -0.178 -0.111 -0.091
121 09498870 0 0 0 0 0 -0.133 -0.215 -0.201 -0.204 -0.297
122 09499000 30 1 32 17 17 -0.176 -0.288 -0.133 -0.140 -0.245
123 09502800 0 0 0 0 0 -0.161 -0.226 -0.161 -0.139 -0.143
124 09502900 0 0 0 0 0 -0.069 -0.099 -0.064 -0.060 -0.157
125 09502960 0 0 0 0 0 -0.014 -0.012 -0.047 -0.024 -0.108
126 09503000 0 0 0 0 15 -0.044 -0.081 -0.089 -0.047 -0.285
127 09503700 0 0 0 0 0 0.044 0.115 0.157 0.234 0.292
128 09504000 0 0 0 0 0 -0.074 -0.082 -0.069 -0.033 -0.016
129 09504420 0 5 9 10 0 -0.189 -0.234 -0.120 -0.097 -0.226
130 09504500 0 0 18 22 21 -0.083 -0.213 -0.209 -0.240 -0.323
131 09505200 21 15 16 15 21 -0.148 -0.220 -0.115 -0.186 -0.291
132 09505250 5 5 8 7 8 -0.132 -0.166 -0.071 -0.185 -0.064
133 09505300 0 6 6 5 -0.194 -0.190 -0.161 -0.166 -0.265
134 09505350 0 11 11 13 16 -0.178 -0.223 -0.212 -0.231 -0.333
135 09505800 18 18 18 20 15 -0.152 -0.216 -0.164 -0.176 -0.346
136 09506000 0 0 0 0 0 -0.064 -0.075 -0.071 -0.038 -0.100
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Table 4. Number of potentially influential low flows and at-site skewness coefficients for streamgaging stations in Arizona and
western New Mexico used in the flood-duration flow frequency analysis.—Continued

Number of censored potentially influential low Sample log-space skewness coefficient for indicated flood-
'V:SP Station ID flows for indicated flood-duration flow duration flow

1 day 3day 7day 15day  30day 1 day 3 day 7 day 15 day 30 day

137 09507600 0 0 3 4 4 -0.138 -0.228 -0.105 -0.144 -0.082
138 09507700 0 0 0 0 0 -0.138 -0.221 -0.223 -0.240 -0.267
139 09507980 23 23 0 0 0 -0.160 -0.238 -0.285 -0.233 -0.248
140 09508300 3 3 2 7 20 -0.207 -0.321 -0.324 -0.296 -0.231
141 09508500 0 29 0 22 0 -0.129 -0.201 -0.128 -0.165 -0.060
142 09510070 2 6 0 -0.140 -0.133 -0.108 -0.174 -0.287
143 09510080 0 0 0 -0.163 -0.247 -0.214 -0.231 -0.324
144 09510100 0 5 0 9 -0.190 -0.259 -0.255 -0.193 -0.273
145 09510150 0 0 0 0 -0.069 -0.155 -0.181 -0.196 -0.262
146 09510200 4 10 0 13 4 -0.213 -0.234 -0.335 -0.229 -0.462
147 09512100 3 3 3 3 -0.113 -0.208 -0.204 -0.208 -0.301
148 09512162 0 0 0 0 -0.103 -0.082 -0.018 0.022 -0.014
149 09512165 2 2 2 2 -0.089 -0.133 -0.109 -0.071 -0.075
150 09512200 16 16 16 16 16 -0.131 -0.203 -0.180 -0.189 -0.283
151 09512280 1 1 1 1 1 -0.057 0.041 0.025 0.060 0.040
152 09512400 8 11 8 8 6 -0.123 -0.207 -0.224 -0.235 -0.357
153 09512450 0 0 0 0 0 -0.125 -0.207 -0.178 -0.187 -0.228
154 09512500 0 0 0 0 0 0.080 0.091 0.024 0.079 0.044
155 09512600 1 1 1 1 1 -0.115 -0.141 -0.079 -0.005 0.000
156 09512800 0 0 0 0 0 0.024 0.004 -0.043 -0.051 -0.059
157 09512860 0 0 0 0 0 -0.039 -0.040 -0.038 -0.009 -0.021
158 09513780 10 3 3 3 22 -0.161 -0.331 -0.299 -0.319 -0.318
159 09513800 2 2 2 0 0 -0.199 -0.291 -0.265 -0.286 -0.400
160 09513835 7 7 8 8 8 -0.137 -0.227 -0.170 -0.172 -0.229
161 09513860 14 14 14 14 15 -0.124 -0.225 -0.208 -0.235 -0.285
162 09513910 2 2 2 2 2 -0.053 -0.083 -0.079 -0.050 -0.143
163 09513970 7 7 7 7 -0.115 -0.168 -0.141 -0.137 -0.213
164 09515500 11 11 0 0 0 -0.082 -0.192 -0.057 -0.012 0.035
165 09516500 1 5 1 1 1 -0.206 -0.208 -0.255 -0.193 -0.253
166 09517000 0 0 0 0 0 -0.030 0.038 0.017 0.047 0.085
167 09517490 1 12 1 12 6 -0.193 -0.050 -0.295 -0.045 -0.337
168 09517500 4 4 4 4 4 -0.160 -0.230 -0.206 -0.219 -0.326
169 09520170 0 0 1 0 -0.154 -0.135 -0.180 -0.099 -0.162
170 09535100 2 2 2 2 2 -0.025 -0.028 -0.075 -0.082 0.001
171 09535300 0 0 0 0 0.068 0.069 0.033 -0.059 -0.129
172 09537200 15 15 15 8 0 -0.130 -0.203 -0.183 -0.266 -0.392
173 09537500 17 20 5 7 6 -0.150 -0.174 -0.237 -0.220 -0.231
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Table 5. Model coefficients in equation 4 and pseudo-R? forthe cross-correlation models of
annual time series of n-day flood-duration flow for Arizona.
. Beta parameters
Flood duration Pseudo-R?
b1 bZ bS

1 day 0.081 0.120 -0.0078 60 percent

3 day 0.087 0.165 -0.0078 59 percent

7 day 0.128 0.187 -0.0084 57 percent

15 day 0.159 0.194 -0.0085 54 percent

30 day 0.153 0.254 -0.0081 52 percent

Annual peaks 0.11 -0.67 -0.0094 35 percent
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Figure 7. Scatterplot showing the cross-correlation model for 1-day flood-duration flows for Arizona. Each point represents the

correlation of the annual time series between two streamgaging stations. Z Fisher z cross-correlation; exp, exponential function; Di/’

distance between basin centroids.

flow) explained by the regression after removing the effect of
time-sampling error, calculated as:

2 _ab
© 62(0)

()

‘pseudo o

where Jﬁ(k) is the model error variance from a regression
analysis with k independent variables and 03(0) is the model
error variance from a regression analysis with no independent
variables. Pseudo-R? (table 5) decreases with increasing length
of flood-duration flow but is consistently higher for all dura-
tions than for the cross-correlation model developed for annual
peaks (Paretti and others, 2014b).

The significant cross-correlation between stations com-
plicates the GLS regression, but the relatively low precision
of the cross-correlation model doesn’t justify the sophisticated
weighting matrix generated by B-GLS. Therefore, an alterna-
tive procedure was used (presented in detail in Lamontagne

and others, 2012). First, an ordinary least squares (OLS)
analysis is used to develop an initial regional-skew model,
which is then used to generate a regional-skew estimate for
each site. That OLS skewness coefficient estimate is used to
compute the sampling variance of each skew estimator for use
in a WLS analysis. Then, WLS is used to generate the estima-
tor of the regional-skew model parameters. Finally, B-GLS is
used to estimate the precision of that parameter estimator and
to estimate the model-error variance. The three-step procedure
was repeated to develop a regional-skew model and the associ-
ated error analysis for each flood duration.

The at-site skew for nearly all of the streamgaging sta-
tions in the study is negative; for all durations, less than 20
percent of stations have positive skew (table 4). Several basin
characteristics were tested as explanatory variables in the
B-GLS skew regression, including location (latitude and lon-
gitude), drainage area, mean elevation, mean annual precipi-
tation, August mean precipitation (representative of summer
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convective thunderstorm runoff), 24-hour 100-year precipita-
tion intensity, soil permeability, and soil water capacity. Maps
of station skewness coefficients were also created to evaluate
spatial patterns. None of these explanatory variables signifi-
cantly improved skew estimates as compared to a constant
model (the weighted average skew at all stations). Regional
skew is highest for 1-day flood-duration flow, most nega-

tive for 30-day flood-duration flow, and the intervening 3-,

7-, and 15-day flood-duration flow skewness coefficients are
intermediate, although not in a systematic manner (table 6).
For comparison, the constant skewness coefficient for annual
flood peaks is —0.09 (Paretti and others, 2014b) and the aver-
age variance of prediction (4VP) is 0.079. AVP is a diagnostic
statistic that reflects both the underlying model error variance,
o2 , and the sampling variance:

AVP = 3 +5 1% (XTAX) %] (6)

where x_is a vector of independent variables at the pth gage,
and X and A are the design matrix and covariance matrix from
the regression analysis, respectively. AVP is used to weight
the regional skewness coefficient when combined with station
skewness coefficient to determine a weighted skewness coef-
ficient (Reis and others, 2005):

AVE,  +MSE), 7)
T VR FMSE,

where y , 7, and y are the weighted, regional, and station
skewness coefficients, respectively, and MSE  is the estimated
mean square error of the station skewness coefficient. Further
details of the skew analysis in Arizona are found in Paretti and
others (2014b).

Table 6. Regional skewness coefficients and their
average variance of prediction, by duration, for flood-
duration flows in Arizona.

Flood duration Skem_m_ess Average \{ar!ance of
coefficient prediction
1 day -0.103 0.091
3 day -0.155 0.158
7 day -0.133 0.133
15 day -0.130 0.169
30 day -0.209 0.259
Annual peaks -0.090 0.079

Regionalization

Definition of Regions

The spatial extent and density of streamgaging stations
with adequate data for the n-day flood-duration flow frequency
analysis is smaller than that of the stations used to analyze
peak flows (Paretti and others, 2014b), and, if the same
regions were used (high elevation, Colorado Plateau, western
Basin and Range, central highlands, and southeastern Basin
and Range) there would be an inadequate number of gages in
each region to define regression equations. Therefore, three
alternative regions were tested:

*  Asingle statewide region using all of the streamgaging
stations with adequate data.

*  Asingle statewide region but with the furthest outly-
ing gages removed. This region includes streamgaging
stations in the Colorado Plateau, central highlands, and



26 Methods for Estimating Magnitude and Frequency of 1-, 3-, 7-, 15-, and 30-day flood-duration flows in Arizona

southeastern Basin and Range regions (Paretti and others,
2014b).

*  Asingle region comprising the central highland region
only (Paretti and others, 2014b) with the addition of
streamgaging stations lying just outside this region to the
southwest.

Two statistics were used to evaluate the alternative region
definitions—(1) average standard error of prediction (SEPM)
and (2) pseudo-R? (equation 5). SE, .. is an alternative way to
express AVP as a percent of the predicted flood volume and is
simply a transformation of units:

SE =100 {e(lnlo)zAvp,l yie

p.ave

(8)

Regression diagnostic statistics were significantly better using
the third alternative, which is comprised of 85 stations (table
7). Therefore, regression equations were only developed for
the central highland region. Outside this region, of the stations
with record lengths and statistical fits adequate for regres-
sion analysis, only 30 stations are located to the south and

22 stations to the north. These were considered insufficient

to be standalone regions, and regression equations in these
areas are not presented. Flood-volume frequency estimates at
streamgaging stations outside of the central highland region,
where the regression equations are not applicable, are pre-
sented in appendix 1 (note that appendixes 1-3 are available
online only at http://pubs.usgs.gov/of/2014/5109).

The basin characteristics of streamgaging stations used
in the regression analysis for the central highland region vary
widely as a result of the diverse topography and climatology
in this area (table 8). The drainage areas of streamgaging sta-
tions used in the regression analysis vary over four orders of
magnitude (fig. 10), but most are between 25 and 2,500 square
miles. Basin centroid elevations also vary widely, from 2,240
foot elevation (Skunk Creek near Phoenix, station 09513860)
to 9,520 foot elevation (North Fork White River near Greer,
station 09490800). Mean basin precipitation varies from 13.9
inches in the low desert to 36.7 inches at high elevations, part
of which is typically from snowfall (fig. 2B). The regression
equations are only valid within the parameter ranges of these
basin characteristics (table 8) and the region of the applicable
streamgaging stations (fig. 9).

Model Development

Regression analysis was used to relate the quantile AEP
estimates at each streamgaging station to basin characteristics,
such as drainage area or mean annual rainfall. If an explana-
tory relation exists, the regression equations can then be used
to make predictions at ungaged sites where no flood-duration
flow data are available. Initially, seven basin characteristics
considered to be most closely related to flood-duration flow
(table 3) were tested for significance using OLS regression and

the weighted-multiple-linear regression program WREG (Eng
and others, 2009) by evaluating the 7 value statistic for each
characteristic,

A,
Tvalue = Tarf)™ 9)

where 3, is the predicted coefficient of the kth basin character-
istic and Varp, is the covariance of taken from the covariance
matrix of the regression parameters. The T value statistic is
assumed to follow a Student’s #-distribution, and the prob-
ability, or p-value, that the null hypothesis (/, the model
parameter is equal to zero) should be rejected can be calcu-
lated. Regression parameters with p-values less than 0.05 are
deemed to be significant and are included in the final regres-
sion equations.

One assumption of regression analyses is that the explan-
atory variables are independent. If multicollinearity (correla-
tion between variables) exists, model error may be underes-
timated. Variance inflation factor (VIF) was used to screen
for multicollinearity (Johnston, 1972). Although increasing
elevation generally corresponds to increasing precipitation in
Arizona (fig. 10), the VIF for these two variables is 1.7, well
below the commonly used threshold of 10 (Kroll and Song,
2013), and both were retained in the regression equations.

The final regression equations (table 9) use GLS regres-
sion to account for the cross-correlation between gages. As
with the GLS regression used for the skew analysis, covari-
ance matrices that account for cross-correlation of annual
flood-duration flows are needed for each AEP for the regional
regression analysis. The same cross-correlation models (table
5) were used for both.

For this study, the log of drainage area in square miles
(DRNAREA), the log of mean annual precipitation in inches
(PRECIP), and mean basin elevation in feet divided by 1,000
(ELEV) were determined to be significant in the final equa-
tions identified using GLS regression. ELEV was divided by
1,000 so that regression coefficients were smaller and more
easily calculated (Eng and others, 2009). For most durations
and AEPs, all three explanatory variables are included in the
regression equations, but mean basin elevation is not included
for some 50-percent AEP equations.

Model Diagnostics and Verification

Two statistics, leverage and influence, serve as regression
model diagnostics. Leverage is calculated from the covari-
ance matrix used in the GLS regression analysis. It represents
the potential impact a single streamgaging station has on the
regression and is primarily a factor of how “unique” a station
is. If basin characteristics at a particular station are far from
the mean of the remaining stations, it can potentially, but not
necessarily, have a dominant effect on the regression. Such
a station is said to have high leverage. Alternatively, influ-
ence measures the actual effect a particular station has on the
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Table 7. Regression diagnostic statistics for three regionalization schemes used for estimating flood duration-flows in Arizona.

[Pct. AEP, percent annual exceedance probability; Avg. SEP, average standard error of prediction]

All gages Single statewide region, select gages Central highland region only
1 day
Pct. AEP Avg. SEP Pseudo-R? Avg. SEP Pseudo-R? Avg. SEP Pseudo-R?
50 70.9 85.2 72.2 86.2 50.8 90.4
20 65.9 86.0 67.2 87.0 43.7 92.1
10 68.4 85.0 69.9 86.1 40.6 92.7
4 75.3 82.7 75.9 84.3 37.0 93.5
2 81.1 80.9 81.2 82.8 36.4 93.6
1 87.3 79.1 87.8 81.0 36.7 93.5
0.5 93.9 77.2 93.9 79.4 37.8 93.1
0.2 102.5 74.9 102.8 77.2 37.7 93.1
3 day
Pct. AEP Avg. SEP Pseudo-R? Avg. SEP Pseudo-R? Avg. SEP Pseudo-R?
50 71.7 85.6 70.9 87.2 52.3 90.0
20 65.8 86.8 66.7 87.8 43.6 92.4
10 66.5 86.4 68.3 87.2 40.4 93.3
4 69.4 85.3 71.6 86.2 40.3 93.2
2 72.6 84.3 75.0 85.2 39.3 93.6
1 76.8 83.0 78.7 84.2 39.9 93.5
0.5 81.1 81.8 82.6 83.2 40.6 93.4
0.2 86.3 80.4 88.1 81.8 353 95.2
7 day
Pct. AEP Avg. SEP Pseudo-R? Avg. SEP Pseudo-R? Avg. SEP Pseudo-R?
50 72.4 85.9 71.5 87.4 52.9 90.2
20 65.7 87.1 66.3 88.1 42.7 92.6
10 66.0 86.6 66.7 87.7 36.1 94.5
4 68.5 85.6 69.5 86.6 34.9 94.7
2 72.1 84.3 72.6 85.6 32.6 95.4
1 75.3 83.3 76.8 84.4 33.1 95.4
0.5 79.4 82.0 80.4 83.4 33.6 953
0.2 85.0 80.3 86.4 81.7 35.2 95.0
15 day
Pct. AEP Avg. SEP Pseudo-R? Avg. SEP Pseudo-R? Avg. SEP Pseudo-R?
50 75.0 85.7 73.1 87.4 51.3 91.2
20 67.0 86.7 66.6 88.0 40.4 93.6
10 65.9 86.9 66.4 87.9 36.4 94.5
4 68.2 85.8 69.6 86.6 34.9 94.7
2 71.6 84.6 72.4 85.6 32.6 95.4
1 74.5 83.6 75.5 84.6 32.0 95.6
0.5 78.4 82.2 79.7 83.3 31.6 95.8

0.2 75.9 82.3 78.1 83.2 28.7 96.9
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Table 7. Regression diagnostic statistics for three regionalization schemes used for estimating flood duration-flows in Arizona.—
Continued
All gages Single statewide region, select gages Central highland region only
30 day
Pct. AEP Avg. SEP Pseudo-R? Avg. SEP Pseudo-R? Avg. SEP Pseudo-R?
50 76.9 85.7 72.9 88.2 49.5 92.0
20 68.4 86.8 68.0 88.0 42.7 92.9
10 68.1 86.7 70.4 86.7 38.2 94.1
4 70.0 85.6 70.4 86.6 36.6 94.2
2 71.8 84.9 72.3 85.9 342 94.9
1 74.4 83.8 75.0 84.8 32.6 95.4
0.5 77.3 82.8 78.0 83.8 31.2 95.9
0.2 81.4 81.3 81.5 82.6 27.1 97.1

estimated regression parameter values (Eng and others, 2009).
Stations may have high leverage and high influence, high
leverage and low influence, or low leverage and high influ-
ence. For this study, influence is calculated using a generalized
Cook’s D value (Eng and others, 2009). High influence may
indicate an error in either the station record or basin charac-
teristics at a station, but if no such errors exist, it alone is not
sufficient justification for removing a station from the regres-
sion analysis.

Streamgaging stations used in the regression equations
generally show uniform influence and leverage, although there
are consistently a few stations with relatively high influence
(appendix 3). The stations with high influence are not con-
sistent across all flood durations or AEPs. Only two stations,
Cibecue No. 1, Tributary to Carrizo Creek, near Show Low,
Arizona (station 09496600), and Cibecue No. 2, Tributary to
Carrizo Creek, near Show Low, Arizona (station 09496700),
were completely removed from the regression analysis
because they showed large influence. The watershed area
for both of these stations, 0.1 square miles, is much smaller
than any other stations in the regression, and therefore they
have undue influence on the regression results for other small
watersheds. The next largest watershed area, 1.1 square miles
at South Fork Parker Creek near Roosevelt, Arizona (station
09498503), should be considered the lower limit of applica-
bility of the regional regression equations. One or two other
stations, as shown in appendix 3, were selectively removed
from the regression for individual n-day flood-duration flows
and (or) AEPs. These stations were determined to have poor
quantile predictions, based on the quantile-probability plots,
most often because of short record lengths.

The final regression equation exponents for each basin
characteristic show that flood volume increases with increas-
ing DRNAREA and PRECIP, and decreases with ELEV (table
9). The relative importance of drainage area and precipita-
tion generally is higher for flood volumes with higher AEPs,
and decreases with decreasing AEP. Conversely, the relative
importance of elevation increases with decreasing AEP. AVP
for the regression equations is generally low, ranging from

27 percent to 53 percent (table 10). The average for all n-day
flood-duration flows and all AEPs is 38 percent. For compari-
son, AVP for the central highland region regression equations
in the peak flow analysis (Paretti and others, 2014b) ranges
from 57 to 91 percent. The lower AVP values for this study
reflect decreased variability in n-day flood-duration flows as
compared to instantaneous peak flow. Pseudo-R? can range
from 0 to 100, with higher values indicating better perfor-
mance. As with AVP, the Pseudo-R? values for the regression
equations in this study, which range from 90.0 to 97.1 percent
(table 10), indicate relatively good model performance. Model
performance improves slightly for longer duration n-day
flood-duration flows, as indicated by lower AVP and higher
Pseudo-R>.

The following limitations apply when using the final
regional regression equations:

1. Applying the equations to sites on streams having
explanatory variables outside the ranges of those used
in this study (table 8) may result in prediction errors
that are considerably greater than those indicated by
the standard error of prediction percentages listed in
table 10.

2. The methods are not appropriate (or applicable) for
sites where flood-duration flows are affected substan-
tially by flow regulation.

3. The methods are not appropriate (or applicable) for
streams in urban areas with substantial impervious
area unless the effects of urbanization are deemed
insignificant.

Weighting Estimates at Streamgaging Stations

Flood-frequency estimates at a streamgaging station,
particularly stations with short records, can be improved by
taking the weighted average of the station estimate and the
estimate from the regional regression equations (Cohn and
others, 2012). The weighting is inversely proportional to the



30

Mean annual

Mean annual

Methods for Estimating Magnitude and Frequency of 1-, 3-, 7-, 15-, and 30-day flood-duration flows in Arizona

Table 8. Statistics of the basin characteristics used for the regression equations in estimating flood-duration flow in Arizona.

Characteristic Minimum Maximum Mean Median
Drainage area, square miles 1.1 7,888.3 7423 195.4
Basin centroid elevation, feet 2,240.5 9,520.3 5,750.3 5,543.0
Mean annual precipitation, inches 13.9 36.7 23.6 22.7
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Table 9. Regression equations for 1-, 3-, 7-, 15-, and 30-day flood duration flows for the central highland region in Arizona (see fig. 9).

[Pct. AEP, percent annual exceedance probability; DRNAREA, drainage areain square miles; PRECIP, mean annual precipitation in inches. ELEV, mean basin

elevation in feet]

Pct. AEP

Regression equation

1 day

50
20
10
4
2
1
0.5
0.2

0.00759 (DRNAREA) (PRECIP)>#5+] 0C0.095ELEV1.000)
0.0692 (DRNAREA)**(PRECIP)>310] ((-0.128°ELEV1.000)
0.189 (DRNAREA)*S%(PRECIP)>?3] ((0-131"ELEV1.000)
0.240 (DRNAREA)*7\(PRECIP)#2] (0136 ELEV/1.000)
0.619 (DRNAREA)*75(PRECIP)7] (0138 ELEV1.000)
1.50 (DRNAREA)*5\(PRECIP)>132] ((-0:139"ELEV1.000
3.44 (DRNAREA)* T (PRECIP)'9%1 (-0 140°ELEV1,000)
30.1 (DRNAREA)*T0(PRECIP)"5%] ( 0-144"ELEV/1.000)

3day

50
20
10
4
2
1
0.5
0.2

0.00597 (DRNAREA)**™(PRECIP)*"

0.0127 (DRNAREA)(PRECIP)S'51 0 0101*ELEV/1000
0.0524 (DRNAREA)/(PRECIP)>31 0-0121*ELEV1L000
0.173 (DRNAREA)Y*$5(PRECIP)>25100-144*ELEV1.000
0.568 (DRNAREA)Y*$'(PRECIP)*811 00152 ELEV1.000
1.68 (DRNAREA) *"(PRECIP)2] ((-155"LEV100)
4.61 (DRNAREA)*T/(PRECIP)"5] 0 0:163*ELEV1.000
23.6 (DRNAREA)*7(PRECIP)'3651 0\ 0-165"ELEVI1000

7 day

50
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10
4
2
1
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0.2

0.000538 (DRNAREA)**'S(PRECIP)*5”’

0.00314 (DRNAREA)**"/(PRECIP)%1 00074 ELEVL00)
0.00820 (DRNAREA)**"/(PRECIP)>1?10( 0118*ELEV 1000
0.0267 (DRNAREA)"*/(PRECIP)*71 (047 ELEVI1L000
0.180 (DRNAREAY*$'S(PRECIP)210(-161*ELEVL00)
0.298 (DRNAREA)Y*$'S(PRECIP)>310(0168ELEV1.000
0.877 (DRNAREAY* S (PRECIP)>110-0-75*ELEV1.000
3.24 (DRNAREA)"7(PRECIP)" 7871 (-0:183*ELEV1.000

15 day
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1
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0.0000440 (DRNAREA)Y***(PRECIP)*"*

0.000508 (DRNAREA)**(PRECIP)>] 0( 065" ELEV/1.000
0.00209 (DRNAREA) S*(PRECIP)0] (- 00%*ELEV/L000)
0.00652 (DRNAREA) *(PRECIP)5] (120" ELEV/L000)
0.0217 (DRNAREA)**(PRECIP)>578] (- 0-144*ELEV/L000)
0.0668 (DRNAREA)"¥(PRECIP)>+01 (0157 ELEV/L000)
0.192 (DRNAREA)Y*$'(PRECIP)> 510 0168 ELEV/100)
1.20 (DRNAREA)**"(PRECIP)71 0 172" FLEV/ 000

30 day
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0.00000789 (DRNAREA)*(PRECIP)*"
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0.000361 (DRNAREA)**3(PRECIP)*2%] (007 ELEV/1.000
0.000897 (DRNAREA)*$2(PRECIP)¥5510-0113*ELEV/Lo00)
0.00261 (DRNAREA) *(PRECIP)*103] (120" ELEV/ 000
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0.0187 (DRNAREA)*(PRECIP)>T%] (0152 ELEV/L000)
0.111 (DRNAREA)**(PRECIP)*7] (154" LEV/L000)
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Table 10. Ayerage variance of prediction, average standgrd } ] Avg. SEP Pseudo-R?
error of prediction, and pseudo- A for the regression equations Pct. AP AVP (log units) (percent) (percent)
used to predict 1-, 3-, 7-, 15-, and 30-day flood-duration flow in the
. . . 1 day
central highland region of Arizona.
50 0.043 0.043 90.4
[Pct. AEP, percent annual exceedance probability; AVP, average variance of
prediction; Avg. SEP, average standard error of prediction] 20 0.033 0.033 92.1
10 0.029 0.029 92.7
4 0.024 0.024 93.5
Varianc'e olf tbe rlegression am(i1 statiqn estimat'e:1 (VP and VP, > 0024 0024 936
t t that estimat t t -
respectively, in log uni §) so that estimates with greater uncer ) 0,024 0024 s
tainty have less weight in the weighted average. The variance
of the regression estimate is calculated differently depending 0.5 0.025 0.025 93.1
on if the site was used to develop the regional regression equa- 0.2 0.025 0.025 93.1
tions. For sites not used in the regional regression equations, 3 day
'VPr'is' eqlllivglent hto AVP and .(:alcl?lulate(‘i using equat'ion 6. For 50 0.046 503 90.0
1pd1v1dua ‘snes that are used in the regional regression equa- 20 0.033 436 9.4
tions, VP is:
" 10 0.028 40.4 93.3
4 0.028 40.3 93.2
VP =2+ x. (X"A'X)'x/ 10
r d i ( ) ¢ ( ) 2 0.027 393 93.6
o . 1 0.028 39.9 93.5
The m'atrlx' is pr0V1de'd as output from WREG. A first-order 0.5 0.029 406 3.4
approximation of VP is output for each AEP from the PeakFQ s 0.022 353 952
software used to fit the LP3 distribution (Cohn and others, - : - -
2001). The weighted average for a particular AEP is then: 7day
50 0.047 52.9 90.2
Ay _ VB x1og(Q) + VP x log(Q)) 20 0.032 42.7 92.6
log(Q) = VP + VP (11)
P 10 0.023 36.1 94.5
For the stations within the central highland region for which 4 0.022 349 947
the regional regression equations apply (fig. 9, table 8), the 2 0.019 326 954
station estimate, regression estimate, and weighted estimates 1 0.020 33.1 95.4
of discharge for varying AEPs are presented in appendix 1. 0.5 0.020 33.6 95.3
The variange of prediction associated with the weighted esti- 02 0.022 352 95.0
mate, VP, is computed as:
w 15 day
e (12) 50 0.044 513 91.2
VP, = 75 57p 20 0.029 404 93.6
10 0.023 36.4 94.5
VP estimates are given in appendix 2 ’for the station esFimate, 4 0.022 34.9 947
regression estlma‘Fe, and weighted estimate of the predicted ) 0.019 16 95.4
n-day flood-duration flows.
1 0.018 32.0 95.6
. . . 0.5 0.018 31.6 95.8
Estimates Near Streamgaging Stations on the 02 0.015 8.7 96.9
Same Stream 30 day
Within the central highland region, if an ungaged site is 30 0.041 49.5 920
near an existing streamgaging station for which flood-duration 20 0.032 42.7 92.9
flow frequency statistics have been calculated, a weighted 10 0.026 38.2 94.1
average flood-duration flow may be calculated that incorpo- 4 0.024 36.6 942
rates that station explicitly, rather than using only the regres- 0.021 342 949
sion equations (Ries and Crouse, 2002). Generally, “near” is | 0‘019 32'6 95'4
defined as having a drainage area between 50 and 150 per- ‘ ’ ‘
cent of that at the streamgaging station. First, the estimated 0.5 0.017 312 95.9
0.2 0.013 27.1 97.1




flood-duration flow at the ungaged site is determined by com-
paring the drainage area to that at the streamgaging station:

0,= () < 0, (13)
where O is the area-weighted flood-duration flow estimate
at the ungaged site, Q) is the station estimate before weight-
ing with the regional regression estimate (appendix 2), and 4,
and A_ are the areas of the ungaged and gaged drainage areas,
respectively. The exponent b is the exponent of the drainage
area variable in the regional regression equation (DRNAREA;
table 9).

After calculating the expected flood-duration flow at the
ungaged site based on the drainage area ratio, it can be com-
bined with the regional regression equation:

0., =[CM0Q,,+(1-3)0,] (14)

where O, ) is the weighted estimate of flood-duration flow at
the ungaged site, AA is the absolute value of the difference
between the drainage areas of the streamgaging station and the
ungaged site, \Ag —4,,and Q,  is the flood-duration flow esti-
mate for the ungaged site derived from the applicable regional
equation (table 9).

Unlike the procedure for calculating the weighted aver-
age at streamgaging stations, the procedure for stations near a
streamgaging station does not take into account the length of
the streamgaging record. If the nearby streamgaging record is
short (less than about 20 years) and the difference in drainage
areas is large, the estimated flood-duration flow at streamgag-
ing station may be excessively weighted in equation 14. In
this case, the method for ungaged sites may produce better
estimates of flood-duration flow.

If an ungaged site lies between two streamgaging stations
on the same stream, the weighted average of the predicted
flood volume at the two stations may be calculated, incorpo-
rating the relative distance of the ungaged site between the
two stations. Major tributaries and (or) nonlinear variation
in drainage area should be accounted for, and consideration
given to the length of record, and therefore uncertainty, at each
station. In areas of distributary flow, this method may not be
appropriate.

Summary and Conclusions

This report presents n-day flood-duration flow fre-
quency estimates at 173 streamgaging stations in Arizona and
western New Mexico. These estimates are valuable for the
design of runoff detention and retention structures and also
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for water-resources planning. For short duration flood flows
(1-day and 3-day flood-duration flows), flood-duration flows
and flood peaks are generally correlated (that is, a streamgag-
ing station having a relatively large peak flow will also have
high 1-day and 3-day flood-duration flows). However, longer
duration flood flows, such as the 15-day and 30-day flood-
duration flows, may have little or no correlation with peak
flows. Ephemeral streams in particular, and especially those at
which peak flows are generally caused by short-lived con-
vective thunderstorms, may have large peak flows that pass
quickly and have relatively low flood volume.

The expected moments algorithm with a multiple
Grubbs-Beck low-outlier test was used to estimate annual
maximum n-day flood-duration flow at the 50-, 20-, 10-, 4-, 2-,
1-, 0.5-, and 0.2-percent annual exceedance probabilities for
1-, 3-, 7-, 15-, and 30-day durations at streamgaging stations
throughout Arizona. A Bayesian generalized least squares
regression analysis of regional skewness coefficients indicates
that no basin characteristics were significant explanatory
variables of skew, and a constant statewide model for each
high-flow duration was used. Skew becomes increasingly
negative with increasing duration of n-day flood-duration
flow. Variance of the skewness coefficients also increases with
increasing duration.

Flood-duration flow frequency estimates are presented at
stations with 10 or more years of continuous streamflow data,
unaffected by impoundments and urbanization, and adequately
represented by the LP3 distribution. Not surprisingly, most
stations are established near major population centers (often
as flood-warning gages) and on major stream channels. As a
result, gages with continuous streamgaging records, required
for the flood-duration flow analysis, are most common in
the central part of the State, especially on the streams that
flow south and east from the Colorado Plateau, including the
Verde, Salt, and Gila Rivers and their tributaries. This central
highland region is the only part of the State where sufficient
information exists to develop regression equations for ungaged
sites. Outside this region, high-flow frequency estimates may
still be calculated at streamgaging stations and for ungaged
sites between two streamgaging stations.

The regression analysis in the central highland region
indicates that drainage area, mean annual precipitation,
and mean basin elevation are all determining factors when
predicting the frequency of flood-duration flows. Regression
verification statistics are generally good, with an average
standard error of prediction that varies from 28 to 53 percent.
Pseudo-R? varies from 90 to 97 percent. The flood-duration
frequency regression equations developed in this study are
available through the USGS StreamStats program, a Web-
based application that provides streamflow statistics and basin
characteristics for USGS streamgaging stations and ungaged
sites of interest.
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